A B S T R A C T Arterial elastin appears to be a proteinlipid complex with the lipid component being bound to elastin peptide groups. In atherosclerotic lesions the lipid content of elastin increases progressively with increasing severity of atherosclerosis. The increases in the lipid content of plaque elastin are mainly due to large increases in cholesterol with about 80% of the cholesterol being cholesterol ester. This deposition of cholesterol in elastin accounts for a substantial part of the total cholesterol accumulation in atherosclerotic lesions of all stages. The present in vitro study suggests that the mechanism involved in the deposition of lipids in arterial elastin may be an interaction of the elastin protein with serum or arterial low density or very low density lipoproteins (LDL and VLDL) resulting in a transfer of lipids, but not of lipoprotein protein to the elastin. No significant lipid transfer occurred from the high density lipoproteins or chylomicrons. The amount of lipid taken up by plaque elastin was strikingly higher than by normal elastin and consisted mainly of cholesterol with over 80% of the cholesterol being cholesterol ester. The precondition for the lipid accumulation in plaque elastin appeared to be an altered amino acid composition of the elastin protein consisting of an increase in polar' amino acids and a reduction in cross-linking amino acids. Subsequent treatment of lipoprotein-incubated arterial elastin with hot alkali and apolipoproteins did not reverse the binding of lipoprotein lipid to diseased elastin.
INTRODUCTION
Arterial elastic membranes appear to play an important role in the development of atherosclerotic plaques (1) (2) (3) (4) (5) (6) (7) (8) (9) .
In previous autoradiographic studies after intravenous injection of [8H] cholesterol (10) , dense accumulations of radioactive cholesterol occurred on the split and frag-mented intimo-medial elastic membranes but not over collagen depositions in atherosclerotic plaques of all stages. These plaques included very small microscopic lesions which did not contain lipid in the cells of the slightly raised intima by autoradiography or lipid staining.
Recent biochemical analyses of arterial elastin preparations have shown that the lipids accumulating on elastic membranes of atherosclerotic lesions are associated with the elastin protein of these elastic membranes, even in early atherosclerosis (11) . The arterial elastin preparations were defined as that protein material which remained undegraded after alkali hydrolysis of arterial tissue homogenates. The studies suggest that arterial elastin is a protein-lipid complex with the lipids being bound to the elastin peptides. The composition of this protein-lipid complex is altered in elastin of atherosclerotic plaques. As compared with normal elastin, plaque elastin has a significantly higher content of polar amino acids and a significantly lower content of cross-linking amino acids. The alteration of plaque elastin protein is associated with a higher content of lipids, mainly ester cholesterol, which increases progressively with increasing severity of atherosclerosis. The accumulation of cholesterol in plaque elastin accounts for about 30% of the total intimal cholesterol in well-developed plaques. In contrast, the abundant structural collagen present in atherosclerotic lesions appears to contribute only on a minor scale to the lipid accumulation in plaques. When homogenates of plaque intimae were treated with -collagenase less than 8% of the total intimal cholesterol was released from the plaque tissue by the digestion of the plaque collagen.1
In mild and moderate atherosclerosis the elastin changes are limited to the plaque areas of the arterial intimae while the composition of elastin in the adjoining intimae and mediae remains unaltered. In severe athero- 1 Hollander, W., and D. M. Kramsch. Unpublished data.
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The Journal of Clinical Investigation Volume 52 February 1973 sclerosis the lipid accumulation appears to spread into the intimae adjacent to advanced plaques as well as into the mediae below these plaques involving primarily the elastin of the elastic membranes in these areas. The present study was undertaken to explore the mechanism involved in the lipid deposition in arterial elastin, especially in the altered elastin of atherosclerotic lesions.
METHODS ELASTIN PREPARATION
Five grossly normal and five atherosclerotic human aortas were obtained at autopsy within 4 h after death and immediately prepared for histological and biochemical studies. Macroscopically the atherosclerotic lesions in two aortas consisted of fatty streaks and dots (grade I plaques), whereas in the three other atherosclerotic aortas larger confluent lesions prevailed (grade II plaques). None of the plaques were complicated by ulceration, thrombosis, or gross calcification. Before preparation of the aortas for biochemical studies, small segments of normal aortas, plaques, and adjacent normal-appearing aortic areas were cut out and processed for histology as previously described (12) .
The aortas were then stripped of their adventitias and medical layers. The intimal layers of atherosclerotic aortas were separated into plaque areas and into adjacent grossly normal areas which on microscopic examination also appeared to be normal. The plaque areas and adjacent normal intimae were pooled separately for each aorta and then minced and homogenized. Elastin was prepared from each set of tissue homogenates by boiling with 0.1 N NaOH according to a modification of the method of Lansing, Rosenthal, Alex, and Dempsey (13) (14) (15) (16) . The blood was collected in 50-ml Lusteroid tubes and allowed to clot at 260C for approximately 1 h. Serum was separated by centrifugation at 2400 rpm for 30 min at 4°C. 1 ml of 1%o disodium ethylenediaminetetraacetic acid (EDTA) was added to each 100 ml of serum and the serum then was processed immediately. The normal and hyperlipoproteinemic sera were identified by lipid analysis and typing by paper electrophoresis from 2-ml portions of each serum.
From the remaining portions of the sera the lipoproteins were separated by differential density ultracentrifugation according to the method of Havel, Eder, and Bragdon (17) .
The density of the samples was raised by addition of NaCl and KBr and checked by pycnometry at 20°C. For separation of chylomicrons the serum was left standing overnight and then spun at 9800 g for 10 min at 4VC. (27) . RESULTS
HISTOLOGY OF AORTAS
The grossly normal aortas showed a normal structure on microscopic examination. The grossly normal aortic areas adjacent to plaques also were microscopically normal. Grade I plaques showed a thickened intima con-
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Dieter M. Kranmsch and William Hollander HDL fraction of normal serum, there was no lipid transfer from the HDL fraction of type II sera to normal or plaque elastin except for small transfers of phospholipids. Incubation with serum lipoproteins of patients with type IV hyperlipoproteinemia. Table V shows the lipid uptake by delipidated normal and plaque elastin after incubation for 24 h with serum lipoprotein fractions of patients with type IV hyperlipoproteinemia. The percentages of lipid transfers from the VLDL and LDL fraction of type IV sera to normal and plaque elastin was comparable to those from the same fractions of normal serum with the exception of triglycerides from the VLDL fraction. The percentage of triglycerides taken up by plaque elastin from the VLDL fraction was smaller than from the VLDL fraction of normal serum. However, the absolute amount of triglyceride transferred to plaque elastin from the VLDL fraction of type IV sera was greater than from the same fraction of normal serum. Likewise, the absolute amounts of ester and free cholesterol and phospholipids transferred from the VLDL fraction to plaque elastin were higher than from the VLDL fraction of normal serum. The large transfer of lipids to plaque elastin appeared to be due to their higher concentration in the VLDL fraction of type IV sera. From the HDL fraction of type IV sera no lipid was taken up by normal or plaque elastin except for small amounts of phospholipid.
Incubation with the serum chylomicron fraction of patients with type V hyperlipoproteinemia. As shown in Table VI up by both normal and plaque elastin with the transfer of these lipids to plaque elastin being somewhat higher than to normal elastin. As with the HDL fractions of the sera, no lipid was taken up by normal or plaque elastin from the arterial HDL fractions except for small amounts of phospholipids.
Time-course of ester cholesterol transfer from serum LDL and VLDL to intimal elastin. Fig. 1 shows the uptake of ester cholesterol by delipidated normal and plaque elastin after 1 h, 4, and 24 h of incubation with the LDL fractions of normal serum and of serum from patients with type II hyperlipoproteinemia. The uptake of ester cholesterol by plaque elastin increased progressively with time with about 75% of the cholesterol ester being transferred after 24 h from both LDL fractions. However, the absolute amounts of cholesterol ester transferred to plaque elastin at all incubation times were greater with LDL of the type II serum than with LDL of normal serum. The uptake of ester cholesterol by normal elastin from both LDL fractions approached a maximum after 4 h of incubation with little or no additional transfer thereafter. The amounts of ester cholesterol taken up by normal elastin from the LDL of normal or hypercholesterolemic serum were small and of about equal magnitude. 242 Dieter M. Kramsch and William Hollander It is of interest that no lipoprotein protein was found to be associated with normal or plaque elastin after 4 h of incubation with both LDL fractions. At that time plaque elastin had already taken up about 30% and normal elastin about 90% of the total uptake of ester cholesterol. However, after continued incubation to 24 h small amounts of lipoprotein protein from both LDL fractions appeared to be associated with normal and plaque elastin. Comparable results were obtained when normal and plaque elastin was incubated for 1, 4, and 24 h with VLDL fractions of normal serum and of serum from patients with type IV hyperlipoproteinemia.
Effect of trypsin on lipoprotein-incubated elastin. Table VIII shows the uptake of ester cholesterol and protein by delipidated normal and plaque elastin after incubation for 24 h with serum LDL labeled with 'I and subsequent treatment with trypsin. After the lipoprotein incubation about 75% of the LDL cholesterol ester was transferred to plaque elastin whereas about 24% of the LDL protein, labeled and nonlabeled, was associated with the plaque elastin preparation. Normal elastin took up about 20% of the LDL ester cholesterol and about 17% of the LDL protein. However, the actual amounts of LDL protein associated with the intimal elastin were so small that no changes in the amino acid composition of normal or plaque elastin could be detected after incubation.
After subsequent incubation with trypsin all of the LDL protein was removed but virtually all of the transferred cholesterol ester remained associated with the elastin. Similar findings were obtained after incubation
Roique Elestla X-u Adj. NauInt of normal and plaque elastin with serum VLDL and subsequent treatment of the elastin with trypsin.
Effect of base treatment on lipoprotein-incubated elastin. Table IX shows the effect of alkali hydrolysis on normal and plaque elastin which previously had been incubated for 24 h with serum LDL labeled with 1"I.
After the lipoprotein incubation the percent transfers of LDL ester cholesterol as well as of labeled and nonlabeled LDL protein to normal and plaque elastin were comparable to those of the LDL incubation in the trypsin experiment. After subsequent base treatment of the incubated elastin all of the LDL protein was removed from the elastin. However, about 32% of the LDL ester cholesterol remained associated with plaque elastin although about 20% of the elastin protein itself was hydrolyzed by the prolonged alkali treatment. It is noteworthy that after the base treatment all of the LDL ester cholesterol bound by elastin remained esterified. Effect of apolipoproteins and of HDL on lipoproteinincubated elastin. Table X shows the lipid content of normal and plaque elastin after incubation for 24 h with serum LDL and after subsequent incubation of the elastin with intact HDL as well as with apo-HDL, apo-LDL, and apo-VLDL. The lipids transferred to normal and plaque elastin after incubation with LDL -were not removed by subsequent incubation of the elastin with intact HDL or with any of the delipidated lipoproteins.
DISCUSSION
The striking increase in lipid content, particularly of ester cholesterol, as well as the increase in polar amino acids and the reduction in cross-linking amino acids observed in the alkali-extracted elastin of grade I and grade II plaques, are in agreement with previous observations (11) . The differences in the amino acid composition involve amino acids which represent relatively small components of the isolated elastin preparations.
Increases in polar amino acids of elastin from atherosclerotic human aortas also have been reported by other workers (28) .
The present in vitro study suggests that the mechanism involved in the deposition of lipids in arterial elastin may be an interaction of the elastin protein with low density and very low density lipoproteins. The pre- Recently reported studies (29) have provided further evidence that the shift in the amino acid composition of the alkali-insoluble protein from plaques is due to an alteration of the elastin itself and not to chance contamination by an extraneous protein which is equally resistant to alkali hydrolysis. In these studies an abnormal lipopeptide fraction was isolated from elastase digests of plaque elastin by column chromatography on Sephadex G200. It was not present in elastin from normal arterial intimae. This lipopeptide fraction, which was free of hexosamine, uronic acid, neuraminic acid, and calcium, was responsible for the binding of the large amounts of lipids to the elastin. As compared with normal elastin, the peptide moiety of this fraction contained markedly more aspartic acid, threonine, serine, glutamic acid, lysine, histidine, arginine, and somewhat more hydroxyproline, whereas proline, glycine, alanine, and valine were reduced; the content in desmosines, however, was about the same as in normal elastin indicating that the peptide was not derived from an extraneous protein. (32) it appears that elastin can be immunogenic and is capable of eliciting anti-elastin antibodies. However, with regard to the other proteins mentioned two of these appear not to be very likely to contribute to the compositional changes of plaque elastin: collagen and the protein moiety of lipoproteins. As outlined previously (11) elastin was treated with collagenase after extraction with hot alkali. This procedure resulted in an elastin preparation with a hydroxyproline content which was too low to be contaminated by collagen. The present in vitro study suggests that the protein moiety of lipoproteins also may not be involved in the alterations of plaque elastin protein since the transfer of lipid to normal and plaque elastin appeared to occur independently from that of the protein moiety of the lipoprotein. After 4 h of incubation with low density lipoproteins there was no transfer of lipoprotein protein to the elastin. At that time plaque elastin had already taken up 30% and normal elastin 90% of the total lipoprotein lipid which was contained in the elastin after 24 h of incubation. After 24 h of incubation small amounts of lipoprotein protein were found to sediment with the elastin. However, after subsequent treatment of the incubated elastin with trypsin, the lipoprotein protein was removed, whereas all of the transferred lipids were still associated with the elastin.
The lipid uptake by plaque elastin, especially of ester cholesterol, was strikingly higher than by normal elastin irrespective of whether the elastin was incubated with lipoproteins of normal serum or hyperlipoproteinemic serum. This finding may provide an explanation of why lipids, and especially ester cholesterol, accumulate in atherosclerotic lesions even when the lipid levels of the serum lipoproteins are normal. The present study also suggests that higher serum concentrations of lipids, as they occur in hyperlipoproteinemias with elevated VLDL and LDL levels, may result in accelerated lipid depositions in atherosclerotic intimae. In contrast, the lipid transfers to the normal intimal elastin of normal intimae did not appear to be dependent on the lipid concentrations of the lipoprotein fractions suggesting that elastin of normal protein composition does not incorporate more than its normal lipid content whether the circulating serum lipids are increased or not.
The uptake of cholesterol by human arterial elastin also has been demonstrated in vivo after intravenous injection of [3H] cholesterol (11) . The in vivo studies suggested that cholesterol from circulating lipoproteins may be transferred, mainly in the form of cholesterol ester, to normal and plaque elastin with the uptake by plaque elastin being about six times higher than by normal elastin. The present in vitro study also indicates that lipids are transferable from arterial lipoproteins as well as from serum lipoproteins to elastin.
The major lipid taken up by delipidated plaque elastin after incubation was cholesterol with over 80% of the transferred cholesterol being cholesterol ester. These findings are consistent with the lipid composition of alkaliextracted plaque elastin before incubation (and delipidation). Before incubation the major lipid component of the alkali-extracted plaque elastin (before delipidation) also was cholesterol with about 80% of the cholesterol being cholesterol ester.
The affinity of the lipoprotein lipids, especially of ester cholesterol, to arterial elastin appeared to be greater than their affinity to the protein moiety of the lipoproteins. After incubation with plaque elastin protein the lipoproteins had lost most of their ester cholesterol to the elastin and subsequent incubation with HDL, apo-HDL, apo-LDL, and apo-VLDL did not reverse the lipid transfer from normal or plaque elastin. Even subsequent treatment of lipoprotein-incubated elastin with hot alkali removed only a portion of the transferred lipids although part of the elastin protein itself was hydrolyzed by the alkali. The binding of the transferred ester cholesterol by plaque elastin also appeared to protect the esterified lipid from alkali hydrolysis since almost all of the LDL cholesterol still bound to the elastin after base treatment remained esterified. In contrast, when ultracentrifugally isolated LDL of serum or homogenates of fatty liver were subjected to treatment with hot alkali in the same manner, all the esterified lipids were completely hydrolyzed (11) . Previous and recent studies after degradation of the elastin with elastase have shown that the elastin lipids are bound to the peptide moieties of the elastin (11, 29) . These findings indicate that the binding of lipids to arterial elastin is firm and may not be reversible. Since in atherosclerotic lesions between 20 and 50% of the total intimal cholesterol may be bound to the altered elastin protein of the lesion (11), it seems questionable whether the lipid accumulating in the atherosclerotic intima can be removed entirely once the alteration of the elastin has been established.
